1. Introduction {#sec1-sensors-20-00076}
===============

Graphene is a carbon allotrope composed of a single layer of carbon with partially filled sp^2^-orbitals above and below the plane of the sheet. This nanomaterial has attracted the attention of scientific community due to its amazing features, such as large surface area (2630 m^2^/g for a single layer), high mechanical strength, and high elasticity (Young's modulus ≈ 1100 GPa); and excellent thermal (5 × 10^3^ Wm^−1^ K^−1^) and electrical conductivity (charge carrier mobility \> 200,000 cm^2^ V^−1^ s^−1^ for freely suspended graphene) \[[@B1-sensors-20-00076]\].

Graphene has been successfully used in all analytical steps: sample preparation, separation, and detection \[[@B1-sensors-20-00076],[@B2-sensors-20-00076],[@B3-sensors-20-00076]\]. Regarding sample preparation, graphene has been applied in solid phase extraction and solid phase microextraction because of its excellent adsorption ability \[[@B4-sensors-20-00076],[@B5-sensors-20-00076]\]. These applications were mainly focused on the extraction of benzene derivatives, which can easily interact, by π--π stacking with graphene thanks to its large electron delocalization. For example, benzene derivatives such as polycyclic aromatic hydrocarbons \[[@B6-sensors-20-00076]\], tetracyclines \[[@B7-sensors-20-00076]\], sulphonamides antibiotics \[[@B8-sensors-20-00076]\], among others, were extracted by graphene-based sorbents. Respect to the use of graphene for direct electrochemical sensing, this nanomaterial provides (i) high heterogeneous electron transfer rate, (ii) electrocatalytic properties against several molecules (due to the high number of atoms localized in the edges/defects), and (iii) high surface to volume ratio that increases sensitivity \[[@B2-sensors-20-00076],[@B9-sensors-20-00076]\]. Taking advantage of this features, a plenty of electrochemical sensors were developed exclusively based on graphene for direct detection of H~2~O~2~, ascorbic acid, uric acid, dopamine, and several phenol-containing compounds, among others \[[@B9-sensors-20-00076],[@B10-sensors-20-00076]\]. Furthermore, the combination of screen-printed electrode (SPE) technology and graphene is a cutting-edge strategy for "in situ" analysis and for developing new point-of-care testing (POC) devices. SPE technology provides reliable single-use devices, which can be easily modified \[[@B11-sensors-20-00076]\], and graphene provides an improvement of electroanalytical performance \[[@B10-sensors-20-00076]\].

On the other hand, tetracyclines are a kind of antibiotics with a chemical structure derived from a hydronaphthacene containing four fused rings (see [Figure 1](#sensors-20-00076-f001){ref-type="fig"}). All of them also contain a phenol group that is electroactive \[[@B12-sensors-20-00076]\]. This group of antibiotics has been exhaustively employed in human and animal medicine and also as an additive in animal feed because of its broad spectrum antimicrobial activity and low cost \[[@B13-sensors-20-00076]\]. Within this family, tetracycline (TET), oxytetracycline (OTC), chlortetracycline (CTC), and doxycycline (DOX) are the most prescribed in the veterinary world \[[@B14-sensors-20-00076]\]. The intensive use and abuse of antibiotics, in general, and tetracyclines, in particular, has led to an increase of bacterial strains resistant to antimicrobial agents, causing a public health alarm worldwide \[[@B15-sensors-20-00076]\]. For these reasons, a lot of countries legislated to establish maximum residual limits (MRL) in animal-derived food \[[@B14-sensors-20-00076]\]. Moreover, the presence of tetracyclines is not limited to foodstuff but also to environmental through wastewater because sewage treatment plants cannot fully remove them \[[@B15-sensors-20-00076]\].

Several analytical techniques have been successfully employed for determination of residual tetracyclines such as separation techniques (HPLC, CE), spectrophotometry or ELISA \[[@B14-sensors-20-00076]\]; however, they present some drawbacks such as a complicated sample pretreatment process and/or the need of a trained lab technician \[[@B16-sensors-20-00076]\]. In this sense, sensors are an attractive alternative or complementary analytical tools for tetracycline detection because of their inherent advantages such as high selectivity, rapid detection, and in-situ applications \[[@B17-sensors-20-00076]\]. In fact, sensors are ideal candidates for developing sample-screening methods, namely methods used to detect the presence of an analyte or class of analytes at the level of interest. A screening method is the first method that is applied to sample analysis with the purpose to confirm the presence or absence of antibiotic residues. This procedure should be simple, fast, cheap, and sensitive. In addition, if an extraction is needed, it should be very simple and quick \[[@B18-sensors-20-00076]\].

Graphene based electrochemical sensors have been used for TET determination obtaining good sensitivities \[[@B19-sensors-20-00076],[@B20-sensors-20-00076]\]. Kesavan et al. detected TET in urine in presence of uric acid (UA), which is highly electroactive, using polymelamine/ERGO modified electrode \[[@B19-sensors-20-00076]\]. Sun et al. determined TET in water samples using a Graphene/L-Cysteine composite film \[[@B20-sensors-20-00076]\]. Both papers used the DPV technique and carried out an interference study mainly focused on small inorganic and organic ions but not on electroactive compounds. There is another interesting work, in which a carbon paste electrode was fabricated combining multi-walled carbon nanotube and graphene oxide for TET detection \[[@B21-sensors-20-00076]\]. An adsorptive stripping differential pulse voltammetry (AdSDPV) was employed; first, TET was electro-accumulated and then, it was analyzed. The sensor was applied to different samples (river water, artificial urine without uric acid, and pharmaceutical samples).

However, there is a modification of AdSDPV technique called adsorptive *transfer* stripping differential pulse voltammetry (AdTDPV) which has not been used for TET determination yet. This consists of three steps: (i) electrode is dipped in the sample and the analyte is adsorbed, (ii) the electrode is taken out from the sample and rinsed, and (iii) the electrode is dipped in the background electrolyte (analyte is transferred to another solution). This technique provides two advantages: (i) low adsorbed compounds can be easily washed away during the transfer, so their interference is suppressed; (ii) the adsorption medium and the background electrolyte can be different allowing analyst to optimize background electrolyte conditions \[[@B22-sensors-20-00076]\].

In this work, graphene oxide was electrochemically reduced on SPEs (ERGO-SPE). These electrodes were applied for the detection of tetracyclines in food and environmental samples, by using a selective adsorption-detection approach based on adsorptive transfer stripping differential pulse voltammetry (AdTDPV). This method creatively combines the selective adsorption ability of graphene along with its high electrochemical performance, on board on disposable screen-printed carbon electrodes (SPCE); simplifying in extreme the electrochemical sensor construction.

2. Material and Methods {#sec2-sensors-20-00076}
=======================

2.1. Reagents and Sample {#sec2dot1-sensors-20-00076}
------------------------

Tetracycline hydrochloride (TET), chlortetracycline hydrochloride (CTC) doxycycline hydrochloride (DOX), oxytetracycline hydrochloride (OTC), hexaammineruthenium(II) chloride, hexaammineruthenium(III) chloride, graphene oxide (GO, ref:763705) and trichloroacetic acid were purchased from Sigma-Aldrich (<https://www.sigmaaldrich.com>). Disodium hydrogen phosphate and sodium dihydrogen phosphate were purchased from Panreac (<http://www.panreac.com>). Ascorbic acid was purchased from Fluka Chemie (via Sigma-Aldrich, Darmstadt, Germany). All solutions were prepared in Milli-Q water (<https://www.merckmillipore.com>). Skim milk was acquired in a Spanish market. River water samples were collected from Henares River (Spain).

2.2. Instrumentation {#sec2dot2-sensors-20-00076}
--------------------

Potentiostat Autolab PGSTAT204 (<https://www.metrohm-autolab.com>) was used for the electrochemical analysis and for ERGO-SPE fabrication. This instrument was controlled by Nova 1.10 software. Screen-printed electrodes (SPEs) (DRP-110, <http://www.dropsens.com>) composed of carbon working electrode (4 mm), carbon counter electrode and silver reference electrode, were employed. This kind of SPEs works as an electrochemical cell, which needs a minimum volume of 50 μL. Surface morphologies of modified and unmodified electrode were studied by scanning electron microscopy (SEM) (DSM 950, Zeiss, Germany, [www.zeiss.com](www.zeiss.com)).

2.3. Procedures {#sec2dot3-sensors-20-00076}
---------------

### 2.3.1. Electrochemical Sensor Fabrication {#sec2dot3dot1-sensors-20-00076}

Electrochemically reduced graphene oxide-based screen printed electrodes (ERGO-SPE) were fabricated upon a disposable SPE. Firstly, GO was dispersed in phosphate buffer 50 mM pH 6.0 to obtain a final concentration of 0.7 mg mL^−1^. Dispersions were sonicated using an ultrasonic bath. 50 µL of this solution were dropped on the surface of the working electrode and then, cyclic voltammetry technique (from 0.1 to −1.5 V with a scan rate of 100 mV s^−1^ for 20 cycles) was applied to obtain the ERGO-SPEs \[[@B23-sensors-20-00076]\].

### 2.3.2. Electrochemical Measurements {#sec2dot3dot2-sensors-20-00076}

The amount of oxygen containing species on different electrodes surface (SPE, ERGO-SPE 10 cycles and 20 cycles) were estimated by monitoring the oxygen species reduction using cyclic voltammetry (conditions: one cycle at 100 mV s^−1^ from 0 V to −1.5 V) using 50 mM phosphate buffer pH 6.0, previously, deoxygenated by bubbling with N~2~ for 20 min \[[@B24-sensors-20-00076]\].

Determination of tetracyclines (TETs) was carried out at room temperature, employing adsorptive transfer differential pulse voltammetry (AdTDPV) (optimized parameters: pulse amplitude of 125 mV, pulse time 0.05 s, interval time 0.3 s, step potential 8 mV). All measurements were performed using 50 mM phosphate buffer pH 6.0. The process began by dropping 10 μL of working solution or sample onto the working electrode and, then, it is kept at open circuit potential for 5 min to allow analytes to adsorb on the electrode surface. After that, the electrode was rinsed with water for 1 min followed by the addition of 50 μL of the background electrolyte on the electrode in order to carry out the DPV measurement.

### 2.3.3. Measurements of Electrode Active Surface by Using a Randles--Sevcik Equation {#sec2dot3dot3-sensors-20-00076}

The Randles--Sevcik equation (at 25 °C) is followed by a reversible process in cyclic voltammetry:$$Ip~ = 2.69~ \times 10^{5}n^{\frac{3}{2}}~A~C~Do^{\frac{1}{2}}v^{\frac{1}{2}},$$ $Ip$ being the anodic peak current, $n$ the electron transfer number, $A$ the electrode surface area, *C* the concentration, *D* the diffusion coefficient of redox probe, and *v* the scan rate. It is possible to measure the electrode surface area calculating the slope of $Ip{\ {vs}}.\ v^{\frac{1}{2}}$ plot with the use of a reversible redox probe. In this way, cyclic voltammograms of 1 mM \[Ru(NH~3~)~6~\]Cl~3~ in 0.5 M KNO~3~ solution were recorded at different scan rates (from *v* = 0.01 to *v* = 0.1 V s^−1^) from −0.8 to +0.6 V using SPE and ERGO-SPEs (*n* = 3) (number of transferred electrons = 1 and *Do* = 7.74 × 10^−6^ cm^2^ s^−1^).

2.4. Sample Preparation {#sec2dot4-sensors-20-00076}
-----------------------

The applicability of the proposed electrode was assessed in river water and skim milk. River water was analyzed as collected (no sample treatment). Milk samples were treated as follows \[[@B25-sensors-20-00076]\]: 0.4 mL skim milk was placed into a 1.5 mL microtube, and diluted to 1.0 mL with water. Then, 0.2 mL of 10% trichloroacetic acid was added and mixed by vortex during 1 min to favor protein precipitation. Next, the mixture was centrifuged at 13,000 rpm for 10 min. Afterwards, 0.5 mL of the supernatant was transferred into an Amicon^®^ centrifugal filter unit (Ultra-0.5 mL, Ultracel-10K, ref UFC501024) and centrifuged at 12,800 rpm for 20 min (MiniSpin^®^, Eppendorf, Hamburg, Germany) to eliminate completely non-precipitated proteins. The final solution was used for detection (see [Section 2.3.2](#sec2dot3dot2-sensors-20-00076){ref-type="sec"}).

3. Results and Discussion {#sec3-sensors-20-00076}
=========================

For screening purposes, it is not important to identify what tetracycline specifically occurs in the sample but to detect the presence of any member of this kind of antibiotics at the level of regulatory maximum residual limits. Therefore, the development of a method for total tetracycline determination is a pertinent approach.

In this sense, AdTDPV allows analysts to improve the selectivity of electrochemical sensors by exploiting the adsorption properties of the sensing surface. To demonstrate the usefulness of this technique as sample screening tool, it is necessary to perform: (i) a characterization of the sensor surface, (ii) a comparison of analyte response between the corresponding adsorptive technique (AdTDPV) with the non-adsorptive (DPV) one, and (iii) a study of the analytical performance of sensor (with special attention to the potential interferences).

3.1. ERGO-SPE Characterization {#sec3dot1-sensors-20-00076}
------------------------------

Two different ERGO-SPEs were prepared varying the number of cycles applied during GO reduction to study their analytical performance for TET determination. Jampasa et al. used 16 cycles for ERGO-SPE fabrication \[[@B23-sensors-20-00076]\]; consequently, we used 10 and 20 cycles (termed as ERGO-10 and ERGO-20, respectively). Since AdTDPV was selected for total tetracycline determination, the influence of the number of cycles was studied accordingly to (i) the electrode active surface and (ii) the amount of oxygen species on electrode surface, which may generate different electrochemical and adsorptive responses toward tetracyclines.

Due to AdTDPV measures, only analytes adsorbed on the electrode, the larger the surface of the electrode, the greater the signal. For this reason, the active surface of ERGO-SPEs and SPE (control) were measured by means of cyclic voltammetry using the Randles--Sevcik equation. The resulting surface areas of SPE, ERGO-10, and ERGO-20 were 0.215 cm^2^, 0.333 cm^2^, and 0.753 cm^2^, respectively. ERGO-20 exhibited higher active surface in comparison with SPE and ERGO-10.

Next, the amount of oxygen containing species on electrode surface was estimated by cyclic voltammetry (see [Figure 2](#sensors-20-00076-f002){ref-type="fig"}). Both ERGO-10, 20 yielded a reduction peak around −0.80 V with a similar area so we inferred that the number of cycles used for ERGO preparation does not affect the amount of oxygen species on the electrode surface. However, SPE yielded a reduction peak (−1.0 V) smaller than those obtained in ERGO-SPEs. Thus, ERGO-SPEs presented a higher amount of oxygen species on the surface than SPE. On the other hand, the different reduction potential between SPE (−1.0 V) and ERGO-SPEs (−0.80 V) may be related with the presence of different kinds of oxygen containing species.

The surface morphology of both ERGO-SPEs and SPE was also studied by SEM. As it can clearly be seen in [Figure 3](#sensors-20-00076-f003){ref-type="fig"}b,c, an ERGO film was formed on the SPE substrate. The typical wrinkling surface of ERGO was obtained due to the electrochemical reduction process of GO and the consequent deoxygenation \[[@B26-sensors-20-00076]\].

3.2. Electrochemical Behavior of Tetracyclines at ERGO-SPE by AdTDPV {#sec3dot2-sensors-20-00076}
--------------------------------------------------------------------

An electrochemical response of individual tetracyclines (TET, OTC, CTC and DOX) was found to be very similar by AdTDPV, showing two well-defined oxidations peaks (around E = +0.55 V and +0.75 V, see [Figure 4](#sensors-20-00076-f004){ref-type="fig"}). Consequently, tetracycline (TET) was chosen as a model for the next experiments. These analytes were previously studied by cyclic voltammetry; however, the obtained sensitivity and peak resolution were worse than those obtained by AdTDPV (see [Figure S1, electronic supplementary material ESM](#app1-sensors-20-00076){ref-type="app"}). Then, TET was analyzed by AdTDPV using SPE and ERGOs-10, 20. To demonstrate conceptually the use of AdTDPV, differential pulse voltammetry (DPV) was also explored with comparative purposes. [Table 1](#sensors-20-00076-t001){ref-type="table"} summarizes the most important data from analysis of peak 1 of TET at the most selective potential around +0.55 V. The peak intensity obtained by DPV is much higher using SPE than using ERGO. However, this situation reversed when AdTDPV is used. ERGO electrodes yield higher signals than SPE because of the higher adsorption capacity of the formers and the low affinity of TET on a carbon SPE surface. These results disclose the strong π--π stacking between the π--conjugate rings of TET and graphene. Finally, ERGO-20 showed the highest peak intensity by AdTDPV so it was chosen for the following experiments. The suitability of this selection will be confirmed in the next sections accordingly to selectivity studies.

3.3. Analytical Performance of AdTDPV-ERGO-SPE Sensor for Total Tetracycline Determination and Sample Analysis {#sec3dot3-sensors-20-00076}
--------------------------------------------------------------------------------------------------------------

Then, pulse amplitude, adsorption time, and pH were optimized to obtain the highest sensitivity at the most selective oxidation potential of approx. +0.55 V (peak 1). Firstly, the influence of pulse amplitude on the AdTDPV peak signal was evaluated (see [Figure S2](#app1-sensors-20-00076){ref-type="app"}, ESM). By applying voltage amplitudes from 25 mV to 150 mV, the maximum peak intensity was obtained at 125 mV, so it was selected as the optimal value.

The influence of adsorption time of tetracyclines on the ERGO-SPE surface was also tested using 0.5 mM TET (1, 2, 5 and 10 min). The peak intensities obtained for 1, 2, 5, and 10 min. were 1.34 µA, 1.69 µA, 2.97, and 3.68 µA, respectively. A small increase in the signal was obtained using 10 min respect to 5 min so that the latter was set as the optimal value as a compromise between the good sensitivity and shorter analysis times.

Finally, a pH study was performed from 3.5 to 9.0 using 0.5 mM TET in a 50 mM phosphate buffer (see [Figure S3](#app1-sensors-20-00076){ref-type="app"}). It is well known that the oxidation mechanism of TET is pH dependent (the lower pH the higher oxidation peak) \[[@B12-sensors-20-00076]\]. However, only adsorbed TET molecules give a signal in AdTDPV. The maximum signal occurred at pH 6.0, very close to the isoelectric point of TET (pI 5.4) \[[@B27-sensors-20-00076]\]. This means that hydrophobic interactions are dominant in the adsorption process of TET on the ERGO surface.

Linear calibration plot for each tetracycline were built (*n* = 3), obtaining linear ranges from 20 µM to 80 µM (*n* = 4, see [Figure S4](#app1-sensors-20-00076){ref-type="app"}). This short linear ranges are typical of organic compounds analyzed by adsorptive stripping voltammetry techniques \[[@B28-sensors-20-00076]\]. To develop a method for total tetracycline determination, it is mandatory to demonstrate that the method sensitivity (calibration slopes) are similar for all tetracyclines. Therefore, an analysis of variance (ANOVA) test was carried out to compare the slopes of the different linear regression plots. The slopes showed non-statically significant differences (*p* \< 0.05), so the calibration equation from any of tetracyclines can be used to estimate total tetracyclines.

To reinforce our approach, mixtures with different concentrations of tetracyclines were analyzed by triplicate using our method (see [Figure 5](#sensors-20-00076-f005){ref-type="fig"}). Quantitatively, the three mixtures assayed (total tetracyclines concentration 65 μM: mixture 1: TET = 20 μM, OTC, CTC, DOX = 15 μM; mixture 2: TET= 10 μM, OTC = 5 μM, CTC = 25 μM, DOX = 25 μM; mixture 3: TET = 30 μM OTC = 25 μM, CTC = 5 μM, DOX = 5 μM) gave peak intensities of 1.25 ± 0.11 μA, 1.14 ± 0.14 μA and 1.37 ± 0.19 μA, respectively. These results did not show statistically significant differences (*p* \< 0.05).

In this sense, TET was selected as standard for total tetracycline determination and a new calibration plot was built by averaging the previous three independent calibration curves for TET (Y = (2.11 ± 0.25) × 10^−8^ X − (2.09 ± 1.39) × 10^−7^, where X was expressed as µM and Y as A, r = 0.990). The limit of detection (LOD) was 12 µM (calculated using standard deviation of intercept, 3 S/N criterion). Inter-electrode precision was also evaluated by measuring an 80 µM TET solution using five different ERGO-SPE, obtaining an RSD of 18%. The main reason of this variability is the differences in active surface between ERGO-SPEs.

Although in other related works LODs were lower \[[@B19-sensors-20-00076],[@B20-sensors-20-00076],[@B21-sensors-20-00076]\], they used glassy carbon electrodes (GCE) or carbon paste electrodes (CPE) which are not disposable so that the electrodes must be cleaned and modified between analysis. Our approach takes the advantages of the use of single-use disposable approach with just 10 µL of sample.

To demonstrate conceptually the suitability of the AdTDPV-based sensor for TET determination, ascorbic acid, phenol, and uric acid were explored as target analytes of high miscellanea significance with a wide distribution. DPV was also used as control.

As it is shown in [Figure 6](#sensors-20-00076-f006){ref-type="fig"}A, ascorbic acid yields a small peak in AdTDPV and DPV, but this peak occurs at +0.20 V, and it does not interfere with TET peak (electrochemical selectivity). Interestingly, in the case of phenol, it yields a peak in DPV but not in AdTDPV (see [Figure 6](#sensors-20-00076-f006){ref-type="fig"}B). This means that phenol does not strongly adsorb on ERGO-SPE, so this material acts as selective adsorbent of TET respect phenol (adsorptive selectivity). Indeed, in ERGO, not only π--π interaction occurs with the analytes, but hydrogen bonding is possible too \[[@B29-sensors-20-00076],[@B30-sensors-20-00076]\]. Therefore, the higher number of delocalized π-electrons, and hydroxyl, carbonyl, and amine groups present in TET structure respect to phenol, provide a stronger interaction with ERGO surface. In summary, no significant changes were observed in TET quantitative recoveries (97% and 104%, 80 µM) in the presence of ascorbic acid and phenol, using a 1:10 TET/interference ratio.

However, uric acid (at 500 µM as common concentration in urine samples) \[[@B31-sensors-20-00076]\] yields an intense peak in both techniques (AdTDPV and DPV) (see [Figure 6](#sensors-20-00076-f006){ref-type="fig"}C). The strong absorption ability of uric acid on the ERGO-SPE surface proved to have a clear impact on the AdTDPV of the TETs (recovery 43% for 80 µM TET). Like TET, uric acid presents a π--electron resonance in its double ring and also carbonyl and amine groups, so it causes a strong π--π stacking and hydrogen bonding interaction between the uric acid and ERGO. In consequence, an additional study was carried out to establish the maximum concentration of uric acid that does not interfere in the measurement. It was estimated that concentrations of uric acid above 160 µM may interfere in TET determination.

Then, the analysis of milk and river water samples was carried out. Milk samples were pretreated for eliminating proteins (described in [Section 2.4](#sec2dot4-sensors-20-00076){ref-type="sec"}). [Figure 7](#sensors-20-00076-f007){ref-type="fig"} showed AdTDPV voltammograms for non-spiked and TET spiked skim milk. In spite of the presence of an unknown intense peak around +0.20 V, TET was easily determined. In fact, recovery yields were acceptable in both analyzed samples and in both assayed concentration levels as is listed in [Table 2](#sensors-20-00076-t002){ref-type="table"}. These results demonstrated that this method is adequate for the assessment of total tetracyclines in food and environmental samples.

4. Conclusions {#sec4-sensors-20-00076}
==============

Governing both adsorptive and electrochemical selectivity, an electrochemical sensor based on AdTDPV-ERGO was developed for total tetracycline determination in milk and river samples using disposable screen-printed electrodes. The sensor capability to assess the total tetracyclines was demonstrated since individual tetracyclines and mixtures exhibited identical analytical sensitivity since no statistically differences were found when the calibration slopes were carefully compared (*p* \< 0.05). The approach took only 6 min and yielded quantitative recoveries.

AdTDPV-ERGO-SPEs combine the interesting properties of AdTDPV (adsorption control), graphene (high adsorption capacity and excellent electrochemical transduction), and SPE technology (disposability, "in situ" analysis capabilities and low cost), making them a promising approach for electrochemical sensing of other phenol-based target molecules with a high significance.
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![Chemical structures of studied tetracyclines.](sensors-20-00076-g001){#sensors-20-00076-f001}

![Cyclic voltammograms of phosphate buffer 50 mM pH 6.0 using different electrodes: SPE (blue line), ERGO-10 (red line), and ERGO-20 (black line). Conditions: scan rate 100 mV s^−1.^](sensors-20-00076-g002){#sensors-20-00076-f002}

![SEM images of (**a**) SPE, (**b**) ERGO-10, (**c**) ERGO-20 (scale bar 500 nm).](sensors-20-00076-g003){#sensors-20-00076-f003}

![AdTDPV voltammograms corresponding to 40 μM of TET (black), CTC (red) and DOX (blue) and OTC (green) using ERGO-20. Conditions: phosphate buffer 50 mM pH 6, pulse amplitude 125 mV, pulse time 0.05 s, interval time 0.3 s, step potential 8 mV, adsorption time 5 min.](sensors-20-00076-g004){#sensors-20-00076-f004}

![AdTDPV voltammograms corresponding to different mixtures of tetracyclines using ERGO-20. Mixture 1 (Black line): TET = 20 μM, OTC, CTC, DOX = 15 μM; Mixture 2 (Red line): TET = 10 μM, OTC = 5 μM, CTC = 25 μM, DOX = 25 μM; Mixture 3 (Blue line): TET = 30 μM OTC = 25 μM, CTC = 5 μM, DOX = 5 μM. Conditions: phosphate buffer 50 mM pH 6, pulse amplitude 125 mV, pulse time 0.05 s, interval time 0.3 s, step potential 8 mV and, just for AdTDPV, adsorption time 5 min.](sensors-20-00076-g005){#sensors-20-00076-f005}

![Voltammograms for 800 µM ascorbic acid (**A**), 800 µM phenol (**B**), and 500 µM uric acid (**C**). Red line: AdTDPV analysis, black line: DPV analysis. Conditions: as in [Figure 4](#sensors-20-00076-f004){ref-type="fig"}. Inset: Chemical structure of each compound.](sensors-20-00076-g006){#sensors-20-00076-f006}

![AdTDPV of skim milk (black), spiked with 30 µM TET (red) and 70 µM TET (blue). Conditions as in [Figure 5](#sensors-20-00076-f005){ref-type="fig"}. Peaks 1 and 2 belong to TET.](sensors-20-00076-g007){#sensors-20-00076-f007}

sensors-20-00076-t001_Table 1

###### 

DPV and AdTDPV analysis TET on SPE and ERGO-SPE transducers ^1^.

  Electrode   Peak Potential (V)   DPV Peak Height (×10^8^ A)   AdTDPV Peak Height (×10^8^ A)
  ----------- -------------------- ---------------------------- -------------------------------
  SPE         0.58                 175                          4.0
  ERGO-10     0.54                 23.9                         131
  ERGO-20     0.55                 28.7                         218

**^1^** 60 µM TET in phosphate buffer (50 mM, pH 6.0).

sensors-20-00076-t002_Table 2

###### 

Spiked sample analysis ^1^.

  Sample        TET Added (µM)   Found (µM)   Recovery (%)
  ------------- ---------------- ------------ --------------
  Milk          30               28           95 ± 5
  70            71               102 ± 21     
  River water   30               33           110 ± 10
  70            66               94 ± 9       

^1^ Results are given as mean values ± SD, *n* = 3).

[^1]: In memoriam.
